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Project Title: The dehydration of fructose to 5-hydroxymethylfurfural using hierarchically
structured macroporous zirconia-based cation exchange supports
Faculty Name, Rank, Affiliation:

Anu Subramanian, Ph.D. Chemical Engineering

Proposal Identifier:

RCEU19-CHE-AS-01

Project Description: Depletion of fossil fuel reserves coupled with the ongoing debate about climate
change catalyzed by the usage of fossil fuels has necessitated the focus on renewable resources such as
biomass. Biomass, either cellulosic or starch-based, is abundant and can serve as a renewable resource for
the production of chemicals and value-added fuels. Among the many possible biomass-derived chemicals,
5-hydroxymethylfurfural (5-HMF) is a valued intermediate and can be further processed to yield fine
chemicals, pharmaceuticals and furane-based polymers thus serving as a replacement for petroleum-based
feedstocks. In a typical process, biomass undergoes a variety of pre-treatment and hydrolysis steps to yield
fructose, which is then dehydrated to yield 5-HMF. Mineral acid-based catalysts, organic acids, H-form
zeolites, transition metal ions, solid metal phosphates and strong acid cation exchange resins have been
used to attain 5-HMF from biomass. While single phase acid catalyzed process yields high fructose
conversion drawbacks include separation and corrosion. Solid phase catalysts overcome the inherent
limitations of acid catalyzed process but offer low fructose
conversions. A cation-exchange resin has been postulated as a
“green catalyst” for 5-HMF conversions and a variety of
polymeric-gel-based ion-exchange resins have been employed
to catalyze the dehydration of fructose. Limitations of the
current gel-based resins include small surface area available
for reactions due to the lack of macroporosity and the lack
of thermal stability at temperatures above 100oC (Fig.1).
To overcome the current limitations of supports

Fig. 1. Macroporous versus gel-based
sorbents. Fructose molecules can access the
interior in macroporous resins. In gel-based
reaction is limited to surface.

used in fructose dehydration, this project aims to prepare macroporous supports based on zirconia.
Zirconia’s basic chemical structure offers excellent chemical and thermal stability. The crystalline structure
of zirconia has seven bond valency when compared to silica’s four. The additional bonds in the crystalline
structure of zirconia protect the structure from the hydrolysis that causes silica to degrade at low and high
pH. The result of this unique configuration is a particle with superior pH (1-14) and temperature (up to
200ºC) stability. This structure also enables a unique surface
chemistry. The surface of zirconia has highly reproducible
Lewis acid sites (see Fig. 3). Three steps will be undertaken:
Step 1: Preparation of zirconia particles: Three separate
methods will be employed to produce particles spanning particle
sizes and pore sizes. Polymer-induced-colloidal-aggregation
(PICA) process will be used to prepare ~1 to 6 µm zirconia

1

Fig. 2. Schematic of zirconia particles

particles with a unimodal pore size of ~30 nm. An oil-emulsion method (OEM) will then be employed to
make 30 µm particles with unimodal pore sizes of ~40 nm. Finally, particles made by the PICA process
will be processed by the OEM process to make macroporous particles with particle sizes of ~ 100 µm and
with bimodal pore sizes ranging from 50 – 80 nm and 800 – 3000nm. Particles will be synthesized and
characterized using methods published by Dr. Subramanian (Fig.2). Briefly, characterizations will include
SEM and N2 porosimetry.
Step 2: Surface Modification of Zirconia Particles to Yield a Strong Cation Exchange Support:
Zirconia particles produced will be sintered and modified with EDTPA using published procedures in
Subramanian’s laboratory (Fig.2). The stability of EDTPA-modified zirconia particles will be evaluated at
temperatures up to 200 oC.
Fig. 2. Schematic of EDTPA-modified zirconia particles. It
is the Lewis acid site that sets zirconia apart from silica gel and
allows for its modification with EDTPA.

Step 3: Dehydration of Fructose to 5-HMA using EDTPA-modified Zirconia Sorbents: While a variety
of solvents (water or organic solvents or ionic liquids) can be employed to carry out the dehydration, this
study will employ an ionic liquid (1-butyl-3-methylimidazolium chloride, BmimCl, IL) to carry out
dehydrations. Pre-weighed amounts of IL and fructose will be charged to a reaction vessel and heated in an
oil bath to a reaction temperature. A calculated amount of EDTPA-zirconia particles will be added, stirred
and reaction will be carried out for desired time intervals. Upon completion, the reaction mixture will be
cooled, decanted and filtered prior to 5-HMF estimation by HPLC on a C-18 column. Yield will be
calculated as mole of 5-HMF formed per mole of fructose charged. Reactions will be carried out at 5
different temperatures.
Student Duties, Contributions, and Outcomes:
Students pursuing a degree in chemical engineering, mechanical engineering or chemistry are invited to
participate in this project. A highly motivated student will have an opportunity to learn particle synthesis
and characterization and perform fructose dehydrations. He/she will be expected to adhere to laboratory
procedures and learn good scientific and data reporting practices. The student will be expected to write and
submit technical reports and present findings at undergraduate conferences both in Alabama and at AIChE.
Faculty Requirements and Mentorship:
Preferred coursework: Two-years of Chemistry, one-class in Material Science, one-year physics
Preferred academic rank: Rising Sophomores and Juniors
Dr. Subramanian has mentored 7-Ph.D., students, 8 Masters students and over 10 undergraduate students.
Dr. Subramanian will encourage presentations at monthly group meetings and schedule individual meetings
to discuss research progress.
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